Introduction {#sec1-1}
============

Stroke is one of the leading causes of death worldwide.\[[@ref1]\] Deficiency of blood in a part, usually due to functional constriction or actual obstruction of blood vessel is called ischemia. Ischemia contributes to the pathophysiology of many conditions faced by anesthesiologists, including myocardial infarction, peripheral vascular insufficiency, stroke, and hypovolemic shock. Although the restoration of blood flow to an ischemic organ is essential to prevent irreversible cellular injury, reperfusion may augment tissue injury in excess of that produced by ischemia alone. For example, the histological changes of injury after 3 h of feline intestinal ischemia, followed by 1 h of reperfusion are far worse than the changes observed after 4 h of ischemia alone.\[[@ref2]\]

During ischemia, cellular adenosine triphosphate is degraded to form the hypoxanthine. Normally, hypoxanthine is oxidized by xanthine dehydrogenase to xanthine. However, during ischemia, xanthine dehydrogenase is converted to xanthine oxidase. Unlike xanthine dehydrogenase, which uses nicotinamide adenine dinucleotide as its substrate, xanthine oxidase uses oxygen and therefore, during ischemia, is unable to catalyze the conversion of hypoxanthine to xanthine, resulting in a buildup of excess tissue levels of hypoxanthine. When oxygen is reintroduced during reperfusion, conversion of the excess hypoxanthine by xanthine oxidase results in the formation of toxic reactive oxygen species (ROS). Reperfusion of ischemic tissues results in the formation of toxic ROS, including superoxide anions (O~2~-), hydroxyl radicals (OH-), hypochlorous acid (HOCl), hydrogen peroxide (H~2~O~2~) and nitric oxide-derived peroxynitrite. ROS are potent oxidizing and reducing agents that directly damage cellular membranes by lipid peroxidation\[[@ref3]\] Peroxynitrite\[[@ref4]\] and hydroxyl radical\[[@ref5]\] are reported to produce deoxyribonucleic acid (DNA) nicking. ROS are also documented to activate lysosomal enzymes, which may contribute to neuronal injury.\[[@ref6]\] In addition, mitochondrial damages due to ROS release may contribute to delayed cell death after cerebral ischemia and reperfusion.\[[@ref7]\]

*Feronia limonia* Swingle (wood apple) belongs to the family Rutaceae (syns. *Feronia elephantum* Correa; *Limonia acidissima*) The ripe fruit of which is rich in beta-carotene, a precursor of Vitamin A, it also contains significant quantities of the B vitamins thiamine and riboflavin, and citric acid, oxalic acid and malic acid. The wood-apple fruit is more popular as medicine than as food. The tannin in wood-apple had an astringent effect and was used as a general tonic and as a traditional cure for dysentery, diarrhea, liver ailments, chronic cough and indigestion. The root juice was once popular as a remedy for snakebites.\[[@ref8]\]

Antioxidant phytoconstituents are present in *F. limonia* *Swingle* fruit. Therefore, in this study we investigated the effects of this fruit on ischemia reperfusion induced brain injury by studying the antioxidant effect in a relationship with behavioral and biochemical parameters.

Materials and Methods {#sec1-2}
=====================
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### Materials and Subjects {#sec3-1}

The *F. limonia* (woodapple) pulp powder was Soxhlet-extracted with methanol, and the extract yield was 23% w/w on dry weight basis. The methanolic extract was dissolved in distilled water to obtain the required dosage concentration. Eight weeks old Albino Wistar rats of either sex weighing 200--250 g were used. The animals were maintained under controlled laboratory conditions and were exposed to a 12-h light-dark cycles. The animals were acclimatized for 7 days before the study. They had free access to standard pellets as basal diet and water *ad libitum*. Animals were habituated to laboratory conditions for 48 h prior to the experimental protocol to minimize if any of nonspecific stress.

### Acute Toxicity {#sec3-2}

Toxicity study up and down procedure was carried out as per the guidelines set by Organization for Economic Co-operation and Development (OECD) guidelines 423, 425--430. Two groups of Wistar rats (*n* = 3) were fasted overnight with water *ad libitum* and foods were withheld for 3--4 h after oral administration of the extracts. One group of animals were treated with starting dose of 2000 mg/kg body weight orally and the maximum dose of 5000 mg/kg body weight was administered to the second group. Another group was treated with normal saline and were observed individually. Clinical signs including changes in skin fur, eyes and mucous membranes were observed. The gross behaviors like body positions, locomotion, rearing, tremors, gait was observed. The effect of the extract on passivity, grip strength, pain response, stereotypy, vocalization, righting reflex, body weight and water intake were observed. No mortality was observed with this dose. As per OECD guidelines the substance might be considered to have an LD~50~ value above 2000 mg/kg and 5000 mg/kg body weight.

### Preparation of Doses {#sec3-3}

From acute oral toxicity study, it was found that methanolic extract of *F. limonia* fruit was safe at limit dose 5000 mg/kg and 2000 mg/kg, therefore dose 1/10^th^ of this dose, that is, 500 mg/kg and below were used in subsequent study for all extract of *F. limonia fruit* pulp.

### Experimental Method {#sec3-4}

All experiments were carried out in accordance with the guidelines of Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) and the Institutional Animal Ethics Committee (IAEC) the approval no. was CPCSEA/IAEC/P'col-10/2010--11/26, dated December 11, 2010. Sufficient measures were adopted to minimize pain and discomfort with animal experimental procedures. Rats were anesthetized with ketamine (50 mg/ml/kg) injected intra-peritoneally. A small cut was made on the neck region, and the neck muscles were retracted for isolation of the common carotid artery. The internal carotid artery was subsequently isolated, and 30 min of ischemia was given to the rat by blocking the left internal branch of the common carotid artery was occluded with micro-vascular clip. After the ischemic period, the neck muscle was stitched, and an antibiotic was applied. The test drug solution or suspension was administered to the respective group of rats described below for a period of 8 days. The animals were randomly divided into six groups, each group comprising of 05 animals. Group 1 (sham) animals served as normal control and received vehicle (saline 10 ml/kg orally) for 8 days. The ischemia reperfusion was produced in Groups 2--6. After the induction of 30 min ischemia and reperfusion, Group 2 rats were administered with vehicle (saline 10 ml/kg orally for 8 days). Vitamin E (50 mg/kg orally) was administered to Group 3 animals. Group 4 and 5 animals were administered with methanolic extract of *F. limonia* (250 mg/kg and 500 mg/kg orally) respectively for 8 days. The saline, methanolic extract of *F. limonia* and Vitamin E were administered orally with the help of oral gavage needle. Seven additional days of post ischemic survival time were provided. On the 7^th^ and 8^th^ days behavioral studies were carried out. Rats were sacrificed by an overdose of ketamine (75 mg/ml/kg) injected intra-peritoneally as an anesthetic on the 8^th^ day after completion of behavioral tests. The isolated brains were frozen for biochemical tests.

### Neurobehavioral Test {#sec3-5}

### Neurodeficit score {#sec3-6}

The neurological status of the animals was evaluated using the methods described by Bederson *et al*.\[[@ref9]\] Accordingly, four categories of neurological findings were observed and noted: 0 = no observed neurological deficit; 1 = contralateral forelimb flexion with wrist flexion and shoulder adduction; 2 = reduced resistance to lateral push; and 3 = circling movements towards the ipsilateral side.

### Rota Rod Test {#sec3-7}

Sensorimotor performance was evaluated using a rota rod test. All animals were tested for their ability to remain on the rotating bar at a speed of 20 revolutions/min (rpm) on a Rotarod apparatus (Inco). Each animal was trained for a minimum of three trials. After 8 post ischemic days, the animals were tested for motor impairment after administration of test drugs. Latency to fall off from the rotating rod was noted for each trial with a 5 min maximum to termination of the trials.

### Hanging Wire {#sec3-8}

The experimental animals were suspended by its forelimbs on a wire stretched between two posts, 45 cm above a foam sheet. The time in seconds (s), until the animal fell down, was recorded. 2 min of cut off time was designated. This task was used as a measure of grasping ability and forelimb strength.

### Beam Walk Test {#sec3-9}

Beam walk test was employed to evaluate fore and hind limbs motor co-ordination. Each animal was individually placed on a beam walk apparatus (Inco) made up of a wooden bar 60 cm long and 1.5 cm wide, height 50 cm. The motor performance of rat scored on a scale ranging from 0 to 4. This is a special test for animals subjected to cerebral ischemia and reperfusion. For motor incoordination, Number of foot slip; Number of falls; distance travelled along beam was studied.

### Memory Test {#sec3-10}

### Elevated plus maze {#sec3-11}

The elevated plus-maze apparatus (Inco) for rat consists of a central platform connected to two open arms and two enclosed arms. The maze is elevated to a height of 50 cm from the floor. During training trials the animal was placed at the end of an open arm, facing away from the central platform of the maze. The time taken by the animal to move from open arm and cross the line marked in enclosed arm with all four paws was recorded as transfer latency (TL) time. In case the rats did not enter the enclosed arm within 90 s, it was gently pushed into the enclosed arm and a TL of 90 s was assigned to it. The animal was allowed to remain in the maze for the duration of 10 s. The TL measured on the plus maze on the 1^st^ day serves as an index of acquisition, whereas the TL measured after 24 h of acquisition trial was taken as an index of retrieval.

### Biochemical Estimation {#sec3-12}

In this study, six rats per group were used. After completion of the behavioral test, the brain was isolated. All six brains were used for biochemical tests. The pooling of brain was not done for biochemical tests. The small homogenate of individual brain was made in saline and further divided in tubes and used for various biochemical tests.

### Preparation of Post Mitochondrial Supernatant {#sec3-13}

The tissues were homogenized in chilled potassium phosphate buffer (50 mM, potential of hydrogen 7.4) using a Potter-Elvehjem homogenizer. The homogenate was centrifuged in a refrigerated centrifuge at (10,500 rpm) for 20 min at 4°C to obtain the post mitochondrial supernatant, which was used for several of enzymes such as catalase, superoxide dismutase (SOD) and nitric oxide.

Catalase activity was assayed in the postmitochondrial supernatant by the method of Clairborne (1985).\[[@ref10]\] Superoxide dismutase (SOD) level was measured by the method of Marklund (1985).\[[@ref11]\] The total protein was estimated by Lowry\'s *et al*. (1959) method.\[[@ref12]\] Nitric oxide was estimated by an indirect measurement of nitrite, nitrate and total nitrite in rat brain extract supernatants obtained after centrifugation. The total nitrite contents of the sample were measured from the calibration curve for nitrite. The total nitrite was estimated by the method of Green *et al*. (1982).\[[@ref13]\] The lipid peroxidation, that is, malondialdehyde (MDA) in the homogenate was determined by the method of Ohkawa *et al*. (1979).\[[@ref14]\] The results were expressed as nmol of MDA/mg protein.

### Statistical Analyses {#sec3-14}

Behavioural data were analyzed by analysis of variance followed by post-Dunnett\'s test. It was carried out by using with Graph Pad Instat followed by Dunnett\'s test at level of significance *P* \< 0.05 value. All data were shown as the mean ± standard error of the mean. Statistical analysis was performed using Graph Pad statistical software (Graph Pad Software, Inc. California, USA).

Results {#sec1-3}
=======
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### Behavioral Result {#sec3-15}

The rat model of ischemia was established by temporary blocking of the internal carotid artery for 30 min (ischemia) followed by reperfusion and it leads to sudden loss of vision, balance, coordination, and memory. The cognitive and neurological status of the rat was assessed by behavioral test.

### Feronia Limonia Attenuates Neurological Score and Motor Performance in Ischemic Rats {#sec3-16}

Neurobehavioral tests such as neurodeficit scoring, pole fall and hanging wire results showed impairment in neurobehavioral scale in Group 2 ischemic rats \[[Table 1](#T1){ref-type="table"}\]. The neurobehavioural outcomes (such as neurological deficit score, grasping ability, forelimb strength \[*P* \< 0.01\] and \[*P* \< 0.05\], and motor function \[*P* \< 0.01\] and \[*P* \< 0.01\]) were significantly improved by methanolic extracts of *F. limonia* (500 mg/kg) and Vitamin E (50 mg/kg) as compared to vehicle treated Group 2 animals, while methanolic extracts of *F. limonia* (250 mg/kg) does not significantly decreased the neurological deficit score. No significant improvement was observed in rotarod test by *F. limonia* and Vitamin E treatment as compared to Group 2 \[[Table 1](#T1){ref-type="table"}\].

###### 

Effect of MEFL and Vitamin E on neurobehavioral tests in ischemia-reperfusion injury in rats

![](IJPharm-46-617-g001)

### Feronia Limonia Does not Attenuate Ischemia Induced Memory Deficits {#sec3-17}

We tested the effect of two doses of *F. limonia* 250 mg/kg and 500 mg/kg orally and Vitamin E 50 mg/kg orally for 7 days in ischemic rats. The TL was significantly increased in Group 2 as compared to sham control group (*P* \< 0.01). But no significant reduction in the TL was observed by treatment with *F. limoniaand* Vitamin E as compared to Group 2 animals. In the plus maze task, *F. limonia* and Vitamin E has not shown protective effects on ischemia induced impairment in the retrieval of memory \[[Table 2](#T2){ref-type="table"}\].

###### 

Effect of MEFL and Vitamin E on elevated plus maze in ischemia-reperfusion injury in rats
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### Feronia Limonia Exerts Antioxidant Effect in Ischemic Rats {#sec3-18}

The Catalase activity was significantly increased by *F. limonia* (*P* \< 0.01) and Vitamin E (*P* \< 0.01) treatment as compared to Group 2. The superoxide dismutase activity was decreased in vehicle treated Group 2 as compared to sham control (*P* \< 0.01). Whereas treatment with *F. limonia* (500 mg/kg p.o.) significantly increased the superoxide dismutase activity (*P* \< 0.05). The total nitrite was elevated in Group 2 ischemic rats. *F. limonia* treatment reduced the increased total nitrite as compared to Group 2. *F. limonia* treatment also reduced the lipid peroxidation as compared to Group 2 rats (*P* \< 0.01) \[[Table 3](#T3){ref-type="table"}\].

###### 

Effects of MEFL and Vitamin E on catalase, SOD, nitric oxide and MDA in brain tissue of ischemia-reperfusion injury in rats
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Discussion {#sec1-4}
==========

Ischemia is the deficiency of blood in a part, usually due to functional constriction or actual obstruction of blood vessel and reperfusion injury refers to tissue damage caused when blood supply returns to the tissue after a period of ischemia. Ischemia-reperfusion associated with thrombolytic therapy, organ transplantation, coronary angioplasty, aortic cross-clamping, or cardiopulmonary bypass results in local and systemic inflammation. Brain stroke is a sudden loss of brain function usually caused by a blockade or leakage of a blood vessel. It develops from a complex cascade of cellular events that ultimately leads to cerebral infarction\[[@ref15]\] and causes sudden loss of vision, balance, co-ordination, speech and memory.\[[@ref16]\]

The present study was undertaken to evaluate the neuroprotective effect of *F. limonia* on ischemia reperfusion brain injury. The neurotoxicity was produced by blocking internal carotid artery with the help of microvascular clip followed by reperfusion. Reperfusion of ischemic tissue result in the formation of toxic ROS including, O~2~-, OH-, HOCl, H~2~O~2~ and nitric oxide-derived peroxynitrite radicals. These toxic ROS induces oxidative stress.\[[@ref3]\] Chemically, oxidative stress is associated with increased production of oxidizing species or a significant decrease in the capability of antioxidant defenses, such as catalase and SOD enzymes. Severe oxidative stress can cause cell death and even moderate oxidation can trigger apoptosis, while more intense stresses may cause necrosis. ROS can cause cellular damage by oxidizing membrane lipids, essential cellular proteins and DNA.\[[@ref17]\]

*Feronia limonia* (woodapple) is common fruit in India. The woodapple is rich in β carotene and citric acid. The earlier reports supports that the woodapple have potent antioxidant activity\[[@ref18][@ref19]\] they may prove as neuroprotective against ischemia-reperfusion induced brain injury, so this fruit was chosen for present study. In the absence of substantial results with single phytoconstituent direction, herbal extracts containing several phytoconstituents are being evaluated for neuroprotective and therapeutic effects. The neuroprotective effect of two oral doses of *F. limonia* namely, 250 mg/kg, 500 mg/kg and Vitamin E 50 mg/Kg as reference was tested in ischemic rats. In this study, we report that the two doses of *F. limonia* (250 mg/kg, 500 mg/kg) significantly improved the ischemia induced neurological status, forelimb strength, balance and co-ordination, that is, motor performance but no significant changes in memory in neurodeficit score, rotarod test, hanging wire test, beam walk test and elevated plus maze tasks. Though the solvent methanol alone can influence motor behavior of the animals, we used methanolic extract of *F. limonia* fruit pulp containing the phytoconstituents which are soluble in methanol and further the extract was evaporated at room temperature. Hence, the effect of alone methanol is totally reduced. This finding is supported by the previous studies where *Bacopa monniera* reversed these effects in ischemia reperfusion brain injury due to its antioxidant potential.\[[@ref20]\]

Furthermore, it has been reported that *B. monniera* showed protective effect from phenytoin induced cognitive deficit due to the antioxidant activity.\[[@ref21]\] These observations clearly indicate a protective role of *F. limonia*. Several other herbal drugs obtained from medicinal plants have also shown the potential neuroprotective effect in rodents.\[[@ref22][@ref23][@ref24]\]

The biochemical investigations of the present study have shown that *F. limonia* significantly increased the catalase and superoxide dismutase enzyme activities, which suggests that *F. limonia* may reduce the formation of free radicals. It was also observed that *F. limonia* reduced the total nitrite and MDA which is the marker of lipid peroxidation, suggesting that the antioxidant potential of *F. limonia* may have reduced the formation of ROS and subsequently prevented the disastrous chain reaction. This finding is supported by the previous studies where curcumin, resveratrol, silymarin, green tea extract containing antioxidant potential have counteracted the ROS generation during ischemia-reperfusion induced brain injury. The phytoconstituents present in *F. limonia* are beta-carotene, B vitamins, thiamine and riboflavin, which have been already proved to be potent antioxidant. Hence, in this study the neuroprotective effects of *F. limonia* fruit were observed.

Therefore, we suggest that *F. limonia* fruit may be useful in stroke and may prove to be neuroprotective.

We conclude that *F. limonia* have attenuated the ischemia-reperfusion induced neurological deficit, decrease in motor performance on hanging wire and beam walk test and by exerting the antioxidant effects. Further investigations with the isolation of purified active phytoconstituents of *F. limonia* may also validate the neuroprotective and antioxidant effects.
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